Understanding how the subcellular fate of newly synthesized AMPA receptors (AMPARs) is controlled is important for elucidating the mechanisms of neuronal function. We examined the effect of increased synthesis of AMPAR subunits on their subcellular distribution in rat hippocampal neurons. Virally expressed AMPAR subunits (GluR1 or GluR2) accumulated in cell bodies and replaced endogenous dendritic AMPAR with little effect on total dendritic amounts and caused no change in synaptic transmission. Coexpressing stargazin (STG) or mimicking GluR1 phosphorylation enhanced dendritic GluR1 levels by protecting GluR1 from lysosomal degradation. However, STG interaction or GluR1 phosphorylation did not increase surface or synaptic GluR1 levels. Unlike GluR1, STG did not protect GluR2 from lysosomal degradation or increase dendritic GluR2 levels. In general, AMPAR surface levels, and not intracellular amounts, correlated strongly with synaptic levels. Our results suggest that AMPAR surface expression, but not its intracellular production or accumulation, is critical for regulating synaptic transmission.
In the brain, the major neurotransmitter receptor mediating excitatory transmission is the AMPAR 1 . Following synthesis, AMPAR subunits assemble into tetrameric receptor complexes in the endoplasmic reticulum, which is primarily located in the neuronal cell body, with a small fraction present in dendritic regions 2, 3 . The transmembrane AMPAR binding proteins (TARPs), of which STG is the most-studied member, function as auxiliary subunits to the AMPAR complex 4, 5 . Their presence is crucial for the maturation of newly synthesized AMPARs complexes and AMPAR transport through the endoplasmic reticulum and cis-Golgi compartments 6, 7 .
In mature hippocampal neurons, AMPAR subunits predominantly assemble into heteromers of either GluR1 and GluR2 or GluR2 and GluR3, with a small fraction of GluR1 homomers 8 . The relative contributions of different subunits in dendritic AMPAR composition can be regulated through their activity-dependent degradation [9] [10] [11] [12] or local translation [13] [14] [15] [16] [17] [18] in dendrites. An increase in the synthesis of AMPARs has been implicated in mediating enhanced synaptic transmission during long-lasting forms of synaptic plasticity [13] [14] [15] [16] [18] [19] [20] . However, increased expression of GluR1 or GluR2 subunits through viral infection of hippocampal CA1 neurons does not affect synaptic transmission 21, 22 . To study this discrepancy, we examined the fate of newly synthesized AMPAR subunits.
We systematically analyzed the effects of increased de novo synthesis of GluR1 or GluR2 on their localization in the cell body, the dendritic area, the cell surface and at synapses. Our data indicate that the subcellular distribution is differently controlled for GluR1-and GluR2-containing AMPARs and depends on their phosphorylation status and interaction with STG. Notably, we did not find any correlation between the dendritic accumulation of AMPAR subunits and synaptic strength, indicating that merely increasing dendritic levels of AMPARs is not sufficient to generate synaptic plasticity.
RESULTS
We examined the subcellular fate of newly synthesized AMPARs by measuring the somato-dendritic levels of either GluR1 or GluR2. To achieve this, we quantified the levels of AMPARs in both cell bodies and apical dendrites after infection of organotypic hippocampal slice CA1 neurons with Sindbis viruses expressing a green fluorescent protein (GFP)-tagged AMPAR subunit. To allow the newly produced AMPAR subunits sufficient time to reach dendritic regions, we allowed virus expression for 2-3 d, which did not affect the health of neurons, as assessed electrophysiologically ( Supplementary Fig. 1 online) .
Overexpressed GluR1 accumulates in cell bodies, not in dendrites
The total levels of GluR1 in GFP-GluR1-infected neurons relative to nearby uninfected neurons were measured by immunostaining with antibodies to the C terminus of GluR1, which recognizes both endogenous and recombinant GluR1 (Fig. 1a and Online Methods). After 2.5 d of expression, the intensity of GluR1 staining in infected cell bodies was 8.1 ± 0.6-fold greater than that of nearby uninfected cell bodies (n ¼ 99, P o 0.0001; Fig. 1b ). In contrast with cell bodies, dendritic levels of GluR1 in infected cells were only moderately higher than those in neighboring uninfected neurons (1.64 ± 0.07-fold, n ¼ 149, P o 0.0001; Fig. 1d ). This large discrepancy in the expression level of recombinant protein between cell body and dendritic regions was not observed for viral expression of GFP-tagged GluR1 cytoplasmic © 2009 Nature America, Inc. All rights reserved.
C-terminal tail (C tail; Fig. 1b,d) , suggesting that the level of full-length AMPARs at dendritic regions is under tight control. Overproduction of the related receptor GluR2 or the unrelated NMDA receptor 2B subunit (NR2B) did not decrease GluR1 levels ( Supplementary Fig. 1 ), indicating that competition with machinery synthesizing membranebound proteins was not responsible for the observed somatic and dendritic levels of recombinant GluR1.
Overexpression of GluR1 was not accompanied by an increase of GluR2 in dendrites (0.95 ± 0.03, n ¼ 120, P ¼ 0.01), which is consistent with the finding that extra dendritic GluR1 subunits predominantly represent a pool of homomeric receptors 23 . To estimate the effect of the overproduction of recombinant GFP-GluR1 on endogenous GluR1 levels, we infected CA1 pyramidal neurons with a mutant GluR1 construct that lacks seven C-terminal amino acids (GFP-GluR1D7) and is therefore not recognized by our antibody to GluR1 (data not shown). Infection with GFP-GluR1D7 led to a 42 ± 3% (n ¼ 100, P o 0.0001) reduction of endogenous GluR1 levels in CA1 dendritic regions (Fig. 1d) . Because the total dendritic levels of GluR1 were on average increased by 64% by GluR1 infection, the ratio of recombinant to endogenous GluR1 in dendrites was approximately 1.8 to 1 after 2-3 d of infection.
Phosphorylation drives GluR1 accumulation in dendrites
Newly synthesized homomeric GluR1s were transported to, but did not accumulate in, dendritic areas. What processes could control the amount of AMPAR in the dendrites? Phosphorylation events on the C tail of GluR1 have been shown to influence their synaptic trafficking;
here, we examined whether they also affect the total dendritic levels of GluR1. GluR1 can be phosphorylated on serine 818 (S818) by protein kinase C (PKC) 24 , on S831 by CaMKII or PKC, and on S845 by protein kinase A [25] [26] [27] . All of these activitydependent phosphorylation events are most strongly mimicked by substituting residues S816, S818, S831 and S845 with aspartates (GluR1 4D ) 24 . Viral expression of GluR1 4D resulted in a significant increase in dendritic GluR1 levels compared with wild-type GluR1 (2.96 ± 0.12 (n ¼ 67) versus 1.64 ± 0.07 (n ¼ 149), respectively, P o 0.0001; Fig. 2a ). These data suggest that phosphorylation events at the GluR1 C tail control dendritic GluR1 levels. By examining individual phosphorylation sites, we found that mimicking phosphorylation at S831 or S845 was sufficient to increase the dendritic levels of GluR1 (Fig. 2a) . Although GluR1 phosphorylation led to increases in dendritic levels, this was not accompanied by a decreased GluR1 accumulation in cell bodies (Fig. 2b) , suggesting that GluR1 phosphorylation events do not control the relocation of AMPARs from cell body regions to dendrites.
We examined whether the mechanisms controlling dendritic GluR1 levels could involve regulated targeting to lysosomes, which has been shown to affect AMPAR levels 10, 12 . When we blocked lysosomal © 2009 Nature America, Inc. All rights reserved. Figure 2 Phosphorylation of GluR1 allows it to accumulate intracellularly in dendrites. (a-d) The total (a-c) or surface (d) GluR1 expression levels of infected (black) dendrites normalized to nearby uninfected counterparts (white) were determined by immunohistochemistry of CA1 hippocampal neurons infected with GFP-tagged constructs. Phospho-mimic of GluR1 C tail led an increase in dendritic GluR1 levels (a). GluR1 phospho-mimic had no effect GluR1 levels in cell bodies (b). After a 4-h treatment with the lysosomal degradation blockers chloroquin and leupeptin, the amount of GluR1 present in the dendrites increased more than GluR1 C tail phosphomimic (c). Overexpression of GluR1 or GluR1 phospho-mimic only minimally affected GluR1 surface levels (d). Error bars represent s.e.m. degradation in GFP-GluR1-infected hippocampal slices (chloroquin and leupeptin) for 4 h, the amount of GluR1 in the dendrites was increased (2.76 ± 0.14, n ¼ 79) and approached that of dendrites infected with GFP-GluR1 4D (3.43 ± 0.22, n ¼ 52) (Fig. 2c) . These data suggest that overexpressed GluR1-containing receptors can reach dendritic areas, but are they are targeted to lysosomes unless they are phosphorylated at their C tail.
To examine the effects of increased dendritic levels of GluR1 on receptor surface expression, we carried out immunohistochemistry on nonpermeabilized hippocampal slices using an antibody to the extracellular region of GluR1. Although recombinant GFP-GluR1s did reach the surface of CA1 neurons 28 , surface GluR1 levels were only slightly increased on overexpression of GluR1 or GluR1 4D (Fig. 2d) , indicating that overexpressed GluR1 mainly accumulates intracellularly.
STG interaction drives GluR1 accumulation in dendrites
Although GluR1 phosphorylation affected the levels of GluR1 in dendrites, a large proportion of overexpressed GluR1 appeared to be retained in cell body regions. We examined individual GFP-GluR1-expressing neurons and found that the amounts of GluR1 in dendrites minimally correlated to somatic levels of GluR1 ( Supplementary  Fig. 1 ), suggesting that there is a limiting factor controlling the amount of GluR1 in dendrites. Previous studies have indicated that hippocampal neurons that express reduced numbers of TARPs have a loss of AMPARs mainly in dendrites, with most AMPARs residing in neuronal cell bodies 29 , suggesting that TARPs help maintain dendritic AMPAR levels. To test whether increased amounts of TARPs would enhance GluR1 levels in dendritic compartments, we generated Sindbis viruses that expressed STG with either GFP or GFP-GluR1. Cells overexpressing both GFP-GluR1 and STG had a significant decrease in somatic levels of GluR1 (4.00 ± 0.30 (n ¼ 69) with STG versus 8.08 ± 0.54 (n ¼ 99) without, P o 0.0001; Fig. 3a) , whereas dendritic GluR1 levels increased compared with cells overexpressing GluR1 alone (2.71 ± 0.07 (n ¼ 168) versus 1.64 ± 0.07 (n ¼ 149), respectively, P o 0.0001; Fig. 3b ). Overexpression of STG with GFP did not alter the amounts of endogenous GluR1 present in dendrites (Fig. 3b) , suggesting that the expression levels of endogenous GluR1 subunits and TARPs are balanced under physiological conditions. STG can be phosphorylated at nine different serine residues in its cytoplasmic tail by PKC and/or CaMKII, and the majority of endogenous TARPs are phosphorylated under basal conditions 30 . Because overexpressed recombinant STG remains mainly nonphosphorylated 30 , we evaluated whether STG phosphorylation affects dendritic GluR1 levels by expressing a phospho-mimetic STG (STG 9D ). Coexpression of GluR1 with STG 9D produced similar results as expressing GluR1 with wild-type STG (Fig. 3b) . Because coexpression of GluR1 4D and STG 9D did not give an additive effect to the total dendritic GluR1 levels compared with expression of GluR1 4D or coexpression of GluR1 and STG 9D (Fig. 3b) , we reasoned that both the GluR1-STG interaction and GluR1 phosphorylation use overlapping mechanisms to increase dendritic GluR1 levels. Indeed, binding STG also protected GluR1 from lysosomal targeting (Fig. 3c) .
STG interaction does not drive GluR1 surface expression
To examine whether interaction with STG stabilized dendritic GluR1 by translocating AMPARs to the cell surface, we measured the amount of surface GluR1 in STG-infected CA1 neurons relative to uninfected neighbors. We were surprised to find that expression of STG did not elevate endogenous GluR1 levels on the surface of dendrites (1.05 ± 0.04, n ¼ 46, P ¼ 0.65; Fig. 3d ) or cell bodies ( Supplementary Fig. 1 ), as antibody staining and biotinylation assays have previously shown STG to increase recombinant AMPAR levels on the surface of heterologous cells 7, [31] [32] [33] . Furthermore, overexpression of both STG and GFPGluR1 led to a modest increase in GluR1 subunits on the cell surface, © 2009 Nature America, Inc. All rights reserved. 10 Cell body levels Dendrite levels Dendrite surface levels which was indistinguishable to expression of GFP-GluR1 alone (1.20 ± 0.04 (n ¼ 65) versus 1.24 ± 0.05 (n ¼ 55), respectively, P ¼ 0.81; Fig. 3d ). Additional phosphorylation events (that is, coexpression of GluR1 4D and STG 9D ) also had no effect on GluR1 surface expression (Fig. 3d) .
R1
To further examine surface AMPAR levels, we obtained paired whole-cell recordings from neighboring infected and uninfected neurons and measured the currents induced by bath application of AMPA. As has been previously shown, AMPA-induced currents were substantially increased in neurons overexpressing STG 34 (Fig. 3e) . To determine the proportion of these increased currents that results from STG-mediated inhibition of AMPAR channel desensitization 32, 33, 35 , we repeated these experiments in the presence of drugs that block AMPAR channel desensitization for both the flip (cyclothiazide) and flop (4-[2-(phenylsulfonylamino)ethylthio]-2,6-difluorophenoxyacetamide, PEPA) AMPAR isoforms (the flop isoform is dominant in CA1 neurons 36 ). In the presence of these drugs, AMPAevoked currents in infected cells were very similar to those in neighboring uninfected cells (Fig. 3f) , confirming that STG primarily enhances bath-applied AMPA responses in hippocampal neurons by reducing AMPAR desensitization 35 . Furthermore, AMPA-evoked responses were also left unchanged when we overexpressed both GFP-GluR1 and STG (Fig. 3f) , suggesting that even with an excess of GluR1, the STG interaction is not sufficient to drive GluR1 to the surface. These data indicate that enlarging the dendritic intracellular GluR1 pool does not lead to an enhancement of surface GluR1.
Increasing GluR1 levels does not produce synaptic changes
We next examined whether increasing total dendritic GluR1 levels affected synaptic AMPAR content. Increased synthesis of the recombinant GluR1 subunit led to the formation of homomeric GluR1 receptors, which showed rectification: little outward current at positive membrane potentials compared with endogenous heteromeric AMPARs. Synaptic incorporation of recombinant homomeric GluR1 receptors can therefore be detected as an increase in rectification of AMPAR-mediated synaptic responses 21, 22 . It has previously been shown that neurons that overexpress GFP-GluR1 show neither an increase in rectification values, nor differences in synaptic strength compared with uninfected cells 21 . We found that increasing the levels of dendritic GluR1 through coexpression of STG also failed to produce either synaptic incorporation of GluR1 (Fig. 4a,b) or changes in synaptic strength (Fig. 4c) . Adding phospho-mimetic mutations on STG (STG 9D ) or on both STG and GluR1 (GFP-GluR1 4D + STG 9D ) did not induce synaptic insertion of GluR1 homomeric receptors (Fig. 4b) or alterations in synaptic strength (Fig. 4c) .
Together, our data indicate that increasing the total numbers of GluR1 receptors in the dendrite under basal conditions is not sufficient to modify synaptic transmission. No correlation could be found between total dendritic GluR1 levels and either synaptic incorporation of GluR1 or synaptic strength (Fig. 4d) . Even when comparing the two extremes, neurons that express either no GluR1 with neurons that overexpress GluR1 (that is, overexpression of GFP-GluR1 for 2 d in slices from GluR1-deficient (Glur1 -/-, also known as Gria1) mice), synaptic strength remained the same (Fig. 4e) . These experiments demonstrate that increasing the availability of GluR1-containing AMPARs does not affect synaptic currents.
The GluR2 C tail allows AMPAR surface expression GluR1 and GluR2 subunits have different roles in mediating synaptic plasticity as a result of their structurally distinct C tails. Receptors containing long GluR1 C tails are only incorporated into synapses with plasticity-inducing activity, whereas AMPARs containing only short GluR2 C tails constitutively replace AMPARs in the synapse independently of synaptic activity 22 . We next investigated whether these different functions of AMPAR subunits are reflected in the differences in the regulation of their subcellular distribution. We measured the effect of GluR2 overexpression on the total and surface levels of GluR2 by immunostaining. As with GluR1, CA1 pyramidal cells that were virally infected with GFP-GluR2 retained elevated levels of GluR2 in their cell bodies (3.57 ± 0.50, n ¼ 45, P o 0.0001; Fig. 5a ).
Although recombinant receptors could be detected in dendrites (by their GFP expression), this led to only a small increase in total dendritic GluR2 content (1.16 ± 0.03, n ¼ 76, P o 0.001; Fig. 5b ,c) and no change in GluR2 surface levels (Fig. 5d) . Dendritic GluR2 accumulation may be restricted by the fact that GluR2 is edited at a single residue at the channel-lining pore, resulting in a positive charge in a transmembrane region (GluR2 R ). Overexpression of GFP-GluR2 R mainly results in the production of homomeric GluR2 receptors that are largely retained in the endoplasmic reticulum in neurons 37 . To study the effect of RNA editing on the subcellular distribution of homomeric GluR2, we used unedited GluR2 (GluR2 Q ). Overexpression of GFP-GluR2 Q did not result in a significant increase in total dendritic GluR2 levels compared with overexpression of GFPGluR2 R (1.22 ± 0.03 (n = 89) versus 1.16 ± 0.03 (n = 76), respectively, P = 0.16; Fig. 5c ), but did lead to a nearly 60% increase in GluR2 surface expression (Fig. 5d) . This increase in AMPAR surface expression, which was not observed in cells overexpressing GluR1, was regulated through the GluR2 C tail, as we did not observe an increase in surface expression when we expressed a chimeric GluR2 in which a large part of the C tail was swapped for that of GluR1 (GluR2 Q R1t) (Fig. 5d) . Stable AMPAR surface expression has been shown to depend on NSF binding to the GluR2 C tail 38 , which we confirmed by expression of an N-ethylmaleimide-sensitive fusion protein (NSF) interaction mutant, GFP-GluR2 Q (N839A-P840A) (Fig. 5d) .
STG does not protect GluR2 from degradation
Previous studies have shown that AMPARs bind STG and are delivered to the surface of heterologous cells by STG independent of subunit composition 31, 39 . However, although STG coexpression led to GluR1 accumulation in dendrites and reduced the GluR2 accumulation in cell bodies ( Supplementary Fig. 2 online) , dendritic levels of GluR2 were not significantly increased when STG was coexpressed with either edited GluR2 R (1.09 ± 0.04 with (n ¼ 64) versus 1.16 ± 0.03 without (n ¼ 76), P ¼ 0.10) or unedited GluR2 Q (1.31 ± 0.04 with STG (n ¼ 124) versus 1.22 ± 0.03 without (n ¼ 89), P ¼ 0.28) (Fig. 5e) . These data indicate that STG controls the somato-dendritic distribution of AMPARs in a subunit-specific manner. To study the mechanism behind the differential distribution of AMPAR subunits, we used GluR2R1t. Coexpressing STG with GFP-GluR2 R R1t (in which the edited GluR2 R protein contains the GluR1 C tail) did not further increase the amount of GluR2 present in the dendrites compared with expressing GluR2 R (1.16 ± 0.04 (n = 76) versus 1.16 ± 0.03 (n = 76), respectively, P = 0.7; Supplementary Fig. 2 ), indicating that adding a GluR1 C tail and/or coexpressing STG is not sufficient to cause dendritic accumulation of homomeric GluR2 R receptors. However, adding the GluR1 C tail to unedited GluR2 (GFP-GluR2 Q R1t) by itself partially increased dendritic GluR2 levels (Fig. 5c) , and coexpression of unedited GFP-GluR2 Q R1t with STG increased dendritic GluR2 levels twofold compared with GFP-GluR2 Q and STG (1.59 ± 0.03 (n ¼ 153) versus 1.31 ± 0.04 (n ¼ 124), respectively, P o 0.0001; Fig. 5e ). Expression of GluR2 Q lacking a C tail (GFP-GluR2 Q Dt) in conjunction with STG resulted in dendritic GluR2 levels that were similar to those © 2009 Nature America, Inc. All rights reserved. observed when we expressed GFP-GluR2 Q R1t and STG (1.56 ± 0.05 (n ¼ 68) versus 1.59 ± 0.03 (n ¼ 153), respectively, P ¼ 0.54), indicating that it is not the GluR1 C tail that allows dendritic accumulation, but rather the GluR2 C tail that prevents dendritic accumulation. To test whether dendritic GluR2 accumulation is prevented through lysosomal degradation, we subjected hippocampal slices expressing either GFP-GluR2 Q or GFP-GluR2 Q and STG to a 4-h lysosomal degradation blockade. In this protocol, coexpression of GFP-GluR2 Q and STG led to an accumulation of GluR2 in dendrites that was significantly higher than when GFP-GluR2 Q was expressed alone (1.54 ± 0.06 (n ¼ 68) versus 1.18 ± 0.04 (n ¼ 64), respectively, P o 0.0001; Fig. 5f ). These experiments suggest that STG interaction promotes GluR2-containing receptors to reach dendrite regions, but does not mask a putative lysosomal targeting signal located in the GluR2 C tail. This lysosomal targeting motif likely resides in the NSF-binding site within the GluR2 C tail, since expression of the NSF interaction mutant GFP-GluR2 Q (N839A-P840A) plus STG led to a significant increase in dendritic GluR2 accumulation compared with GFP-GluR2 Q plus STG (1.54 ± 0.05 (n ¼ 37) versus 1.31 ± 0.04 (n ¼ 124), respectively, P o 0.0001; Fig. 5e ). We conclude that STG works in an AMPAR-subunit specific manner by selectively preventing GluR1-containing AMPARs from lysosomal degradation.
Synaptic GluR2 insertion correlates with surface levels
We next examined whether phosphorylation events control the subcellular distribution of GluR2-containing AMPARs. Although mimicking STG phosphorylation (GluR2 Q and STG 9D , 1.32 ± 0.06, n ¼ 84) or mimicking STG phosphorylation and PKC phosphorylation on the GluR2 C tail by changing serine880 to glutamate 40 (GluR2 QE and STG 9D : 1.26 ± 0.05, n ¼ 60) had no effect on total dendritic GluR2 levels (Fig. 6a) , these phosphorylation events did control surface and synaptic levels. Specifically, although wild-type STG (which remains largely nonphosphorylated on overexpression 30 ) prevented GluR2 from appearing on the surface or in synapses, coexpressing STG 9D rescued surface and synaptic insertion (Fig. 6b,c) . Although STG 9D expression has been shown to potentiate synaptic strength 30 , we found that expressing STG 9D ( Supplementary Fig. 3 online) or coexpressing STG 9D and GFP-GluR1 (Fig. 4b) produced no potentiation, and coexpressing GFP-GluR2 Q and STG 9D only modestly increased AMPAR excitatory postsynaptic currents (EPSCs) (132 ± 13%, n ¼ 27, P ¼ 0.05; Fig. 6d ). Consistent with previous data indicating that GluR2 phosphorylation by PKC leads to GluR2 endocytosis [40] [41] [42] , expression of GFP-GluR2 QE with STG 9D failed to increase synaptic and surface levels of GluR2 (Fig. 6b,c) .
In general, we observed that increases in total dendritic GluR2 levels failed to correlate with synaptic levels or synaptic strength (Fig. 6e) . In contrast, the increase in surface GluR2 levels correlated strongly with their synaptic incorporation and surface levels of GluR2 tended to correlate with synaptic strength (Fig. 6f) . Therefore, a critical determinant of changes in synaptic GluR2 content is not an increase in the production or degradation of intracellular GluR2, but is instead an alteration of its insertion into or removal from the cell surface.
Subunit-specific lysosomal targeting of endogenous AMPARs
We analyzed the effects of increased production of an AMPAR subunit on AMPAR levels in cell bodies, dendrites, synapses and on the cell surface. We found that the trajectory of newly synthesized GluR1 was different from that of GluR2, dependent on differential regulation by STG and phosphorylation events ( Supplementary Fig. 4 online) . However, overexpression experiments mainly produce homomeric AMPARs, whereas the endogenous AMPAR pool mainly consists of heteromeric GluR1/GluR2 and GluR2/GluR3 (ref. 8) . To assess whether endogenous AMPARs abide by the rules that we determined for recombinant receptors, we measured the relative amounts endogenous GluR1, GluR2 and GluR3 with and without lysosomal degradation blockade. To determine the relative amounts of endogenous AMPAR subunits, we expressed a GluR1/2 (GFP-GluR2R1t) or a GluR1/3 The total dendritic GluR2 levels (e) did not correlate with synaptic strength (normalized EPSCs, top) or synaptic GluR2 incorporation (normalized rectification indices, bottom). The dendritic surface GluR2 levels (f) tended to correlate with synaptic strength (top) and correlated strongly with synaptic GluR2 Q levels (bottom). The significance of correlations was determined by Pearson's P value (two sided).
(GFP-GluR3R1t) chimeric protein that contains the N-terminal region of GluR2 and GluR3, respectively, with the C tail of GluR1. Immunohistochemistry with antibodies to the GluR1 C tail and GluR2 N terminus allowed us to compare the relative levels of endogenous GluR1 and endogenous GluR2 present in dendrites with those of recombinant GFP-GluR2R1t and to derive the ratio of endogenous GluR1 to GluR2 that was present in uninfected CA1 neurons. We used the same method to derive the ratio of endogenous GluR1 to GluR3 (see Online Methods).
The ratio of endogenous GluR1 to GluR2 to GluR3 in CA1 neurons of hippocampal slices under basal conditions was approximately 1 to 3 to 1 in cell bodies (Fig. 7a ) and 1 to 2 to 1 in dendrites (Fig. 7b) . These data predict that dendrites of uninfected CA1 neurons contain equivalent amounts of GluR1/GluR2 and GluR2/ GluR3 heteromers, which is consistent with previous findings 8 . After blocking lysosomal degradation for 4 h, the ratio between GluR1, GluR2 and GluR3 in dendrites changed to approximately 1 to 7 to 6 (Fig. 7d) , which suggests that dendrites contain sixfold more GluR2/GluR3 than GluR1/GluR2 receptors. This indicates that endogenous GluR1-containing AMPARs (GluR1/2 heteromers) are less subject to lysosomal degradation under basal conditions than those lacking GluR1 (GluR2/3 heteromers). These observations are consistent with a subunit-selective regulation of AMPAR targeting to lysosomal compartments.
DISCUSSION
In this study, we found that the amount of AMPAR present in the dendrites of hippocampal pyramidal neurons is tightly controlled. Recombinant overexpression of an AMPAR subunit largely replaced endogenous subunits, leading to only a modest increase in the total amount of AMPAR present in the dendrites and having no effect on the dendritic levels of other receptors. This strong control on the dendritic levels of AMPARs that we observed during overexpression suggests that the mechanisms underlying receptor trafficking from dendrite to synapse that are seen with transfected AMPARs are likely the same ones that regulate endogenous AMPARs.
We found that the subcellular distribution of newly synthesized AMPARs is dependent on their subunit composition, the availability of TARPs and the different phosphorylation events that can occur ( Supplementary Fig. 4 ). Newly synthesized AMPAR subunits largely remain in the cell body region, presumably in the endoplasmic reticulum/Golgi. On association with a TARP (such as STG), the somatic accumulation of AMPAR subunits was reduced. This finding is consistent with previous studies in heterologous cells that found that STG facilitates the folding and assembly of AMPARs 7 , allowing AMPAR complexes to traffic out of the endoplasmic reticulum and through the Golgi network 33, 35 .
The accumulation of AMPARs in dendrites is dependent on their subunit composition. Lysosomal degradation of GluR1-containing receptors is inhibited through the an interaction with STG or by phosphorylation of their C tail. In contrast, the GluR2 C tail contains a lysosomal-targeting motif whose regulation is independent of either STG interaction or PKC phosphorylation. A mutation in the NSFbinding site in the GluR2 C tail prevented lysosomal degradation, suggesting that NSF, or other proteins interacting at this site, control GluR2 lysosomal targeting. We conclude that STG exerts a subunitspecific effect on AMPARs by controlling their degradation in lysosomes. Subunit-specific lysosomal targeting is supported by our observation that endogenous heteromeric GluR1/GluR2 receptors were less subject to lysosomal degradation than endogenous GluR2/ GluR3 receptors.
The role of STG in AMPAR function has received considerable attention recently 4, 5, 43 . Our results are consistent with the view that STG, or other TARPs, facilitate the exit of AMPARs from the endoplasmic reticulum/Golgi compartments and protect GluR1 from lysosomal degradation. Thus, animals lacking TARPs will have much fewer AMPARs, as has been previously shown 29 . However, the role of STG in AMPAR trafficking is not as broad as was previously suggested. Earlier studies using either antibody staining in heterologous cells or electrophysiological analysis in neurons 30, 34 have suggested that increased expression of STG can increase surface AMPAR levels. Our findings argue that STG does not drive AMPARs onto the surface or into synapses in hippocampal neurons. This discrepancy may have several explanations. First, it is probable that AMPARs behave differently in neurons than in other cell types, as has been described for other ion channels [44] [45] [46] ; neurons express different pools of accessory and modulatory proteins compared with heterologous cells. Second, we confirmed that overexpression of STG in neurons altered the channel properties of AMPARs (reducing desensitization) and that this can explain the increased sensitivity that we observed to exogenous AMPA application, with no change in the number of AMPARs present on the cell surface 35, 47 . Thus, although STG binding is required to maintain total AMPARs in neurons 48 and can change their electrophysiological properties 32, 33, 35 , it is not sufficient to increase surface or synaptic AMPAR levels in hippocampal neurons.
Previous work has suggested that nearly all AMPAR are associated with TARPs in neurons 29, 48, 49 . Overexpression of either STG or AMPAR subunits may change the number of TARPs per AMPAR complex. This probably alters the desensitization properties of AMPARs 48 , as evidenced by the stronger responses to AMPA that we observed when we overexpressed STG. Changes in AMPAR-STG stoichiometry probably do not account for increased lysosomal Figure 7 Endogenous GluR2/3 heteromers are more likely to be targeted for lysosomal degradation than endogenous GluR1/2 heteromers. We carried out immunohistochemistry on CA1 neurons expressing chimeric GluR1-GluR2R1t and GluR1-GluR3R1t and calculated the relative levels of endogenous GluR1, GluR2 and GluR3 (see Online Methods). protection of GluR1 by STG, as STG overexpression alone did not increase endogenous levels of dendritic GluR1. Notably, our data suggest that phosphorylated GluR1 can escape degradation, and therefore may be stable in the absence of TARPs. It will be interesting to study whether such AMPAR complexes lacking TARPs have different capabilities for synaptic incorporation than those with TARPs. We studied the mechanisms that control the intracellular stores of GluR1 in dendrites. Although dendritic GluR1 levels were increased by expressing STG or mimicking GluR1 phosphorylation, surface or synaptic AMPAR levels remained unaltered. These results indicate that an increase in the synthesis of AMPAR subunits is not sufficient to drive synaptic plasticity by itself. Creating elevated levels of intracellular GluR1 stores in dendrites may, however, lower the threshold for inducing long-term potentiation of synaptic strength. Specifically, GluR1 C-tail phosphorylation, which increased dendritic GluR1, can be driven by endogenous norepinephrine during emotionally heightened states and facilitates long-term potentiation and enhances learning and memory in mice 50 .
In contrast with GluR1, GluR2 surface levels can be increased through phosphorylation of the STG C tail. In neuronal slice cultures, the majority of endogenous STG exists in a phosphorylated state 30 , suggesting that most newly synthesized short-tailed receptors that pair with available STG are readily directed to the plasma membrane. Changes in surface levels of GluR2 correlate very well with changes in synaptic content of GluR2. It is notable that measurements of surface levels (using immunohistochemistry) and synaptic levels (using electrophysiology) employ very different methodologies; their strong correlation provides support for the validity and accuracy of the methods. Our data suggest that the function of the pool of shorttailed AMPARs to maintain synaptic strength through constitutive cycling is regulated by TARP phosphorylation. Neurons with a high level of TARP phosphorylation probably have a higher degree of AMPAR replacement and therefore maintain synaptic strength accordingly, whereas this process may be slow or even incomplete in neurons with low levels of TARP phosphorylation. Overall, our data indicate that the function of short-tailed AMPAR, that is, the constitutive replacement of synaptic AMPARs, correlates with their expression on the cell surface and not their total dendritic expression. Increasing the synthesis of GluR2 without affecting cell surface expression would probably be futile. In conclusion, a number of mechanisms control dendritic accumulation of AMPAR. STG demonstrates differential control of AMPAR subunit stability. It will be interesting to determine whether similar AMPAR subunitspecific control by STG extends to conditions in which plasticity is engaged.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
